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Accurate	quantification	of	 sources	of	phosphorus	 (P)	entering	 the	environment	 is	essential	 for	 the	22	
management	of	aquatic	ecosystems.		P	fluxes	from	mains	water	leakage	(MWL-P)	have	recently	been	23	
identified	 as	 a	 potentially	 significant	 source	 of	 P	 in	 urbanised	 catchments.	 	 However,	 both	 the	24	







P	 is	equivalent	to	up	to	20%	of	WWT-P	during	peak	 leakage	events.	 	Winter	rainfall	events	control	32	
temporal	 variation	 in	 both	WWT-P	 and	 riverine	 P	 fluxes	 which	 consequently	 masks	 any	 signal	 in	33	
riverine	P	fluxes	associated	with	MWL-P.	The	annual	average	ratio	of	MWL-P	flux	to	WWT-P	flux	 is	34	
predicted	to	increase	from	15	to	38%	between	2015	and	2040,	associated	with	large	increases	in	P	35	



































































































for	 	78%	 	of	 annual	 river	P	 loads	 (White	and	Hammond	2009).	 	 The	 implementation	of	 the	Urban	68	
Wastewater	Treatment	Directive	(European	Union	1991)	resulted	in	substantial	decreases	in	P	loads	69	




P	 added	 to	 mains	 water	 (MWL-P)	 as	 phosphate	 is	 a	 potentially	 significant	 but	 previously	 largely	74	
overlooked	source	of	P	within	the	environment	(Gooddy	et	al.	2017).		Phosphate	is	added	to	mains	75	
water	to	reduce	plumbosolvency	(Hayes	2010),	with	the	risks	associated	with	lead	in	drinking	water	76	
derived	 from	 pipework	 being	 a	 significant	 public	 health	 concern	 (Edwards	 et	 al.	 2009).	 	 Lead	77	
consumption	 in	 humans	 has	 been	 associated	 with	 cognitive	 development	 problems	 in	 children	78	
(Bellinger	 et	 al.	 1987)	 as	 well	 as	 increased	 risk	 of	 heart	 disease	 and	 stroke	 (Pocock	 et	 al.	 1988).	79	
Phosphate	is	added	to	mains	water	to	convert	lead	carbonate	to	lead	phosphate.	Lead	phosphate	is	80	
an	order	of	magnitude	less	soluble	than	lead	carbonate	and	results	in	the	formation	of	lead	phosphate	81	




and	Edwards	1995).	 	Dosing	achieves	 final	P	 concentrations	 in	 tap	water	 that	are	estimated	 to	be	84	
between	700	–	1900	µg	P/L	(UK	Water	 Industry	Research	Ltd	2012),	with	phosphate	dosing	having	85	





leakage	 rates	 in	 England	 and	Wales	 are	 reported	 to	 be	 up	 to	 25%	 of	 the	 water	 that	 enters	 the	91	
distribution	network	and	water	companies	plan	future	leakage	rates	over	a	25-year	planning	horizon	92	
(2015-2040).		Leakage	of	phosphate-dosed	mains	water	as	a	potentially	important	source	of	P	in	the	93	




However,	 understanding	 the	 temporal	 variability	 of	 MWL-P	 is	 also	 important,	 because	 biological	98	
impacts	 of	 P	 in	 aquatic	 ecosystems	 also	 show	 significant	 temporal	 variability,	 with	 autotrophic	99	
biomass	 growth	 occurring	 in	many	 systems	 primarily	 during	 spring	 (March,	 April,	May)	 and	 early	100	
summer	(June,	July,	August)	(Bowes	et	al.	2012a).		A	number	of	studies	(Birek	et	al.	2014,	Cocks	and	101	




temporal	dynamics	of	 this	 source	are	poorly	constrained.	 	Whilst	 substantial	 reductions	 in	WWT-P	106	
loads	to	rivers	have	been	achieved	(Worrall	et	al.	2015),	elevated	P	concentrations	remain	a	significant	107	
concern,	 with	 40%	 of	 the	 water	 bodies	 in	 England	 not	 achieving	 “good	 status”	 under	 the	Water	108	
6	
	
Framework	 Directive	 (European	 Union	 2000)	 due	 to	 high	 reactive	 P	 concentrations	 (Environment	109	
Agency	 2015).	 Consequently,	 in	 England	 and	Wales,	 substantial	 further	 investment	 in	wastewater	110	
treatment	is	planned	to	2020	with	an	estimated	total	expenditure	of	£2.1	billion	(Global	Water	Intel	111	
2014).	Similar	programmes	exist	 internationally,	 for	example	 in	 the	USA	(Sewage	World	2016)	and	112	














Using	 the	 River	 Thames,	 a	 large	 lowland	 catchment	 in	 the	 UK,	 as	 an	 exemplar,	 we	 tested	 these	127	
hypotheses	 by	 deriving	 historic,	 daily	 MWL-P,	 WWT-P	 and	 riverine	 P	 fluxes.	 Subsequently,	 we	128	
validated	our	approach	by	comparing	our	derived	annual	fluxes	of	P	from	MWL	and	WWT	sources	to	129	
fluxes	 reported	 in	 previous	 studies.	We	 then	 undertook	 time	 series	 analysis	 using	multiple	 linear	130	














1).	 	 The	 Thames	 is	 a	 relatively	 large	 (9948	 km2)	 lowland	 catchment	 in	 southern	 England.	 	 The	143	
catchment	is	predominantly	underlain	by	the	Cretaceous	Chalk,	with	Oolitic	limestones	at	the	head	of	144	
the	catchment	and	areas	of	low	permeability	clays	around	Oxford	and	London.		Mean	annual	rainfall	145	







self-contained	 water	 resource	 zones	 (WRZs,	 Environment	 Agency	 (2012)).	 Each	 individual	 water	153	
company	reports	annual	leakage	rates.	Leakage	rates	are	reported	to	be	high,	reaching	up	to	26%	of	154	






















Catchment Export Monitoring Point
Oxford Weather Station
	169	
Figure	 1	 Location	 of	 the	 non-tidal	 Thames	 catchment	 within	 England	 (a)	 and	 the	 water	 resource	 zones,	 wastewater	170	













































































basis	 for	estimating	the	MWL-P	flux.	This	 is	 the	only	publicly-available	sub-annual	 leakage	data	 for	196	
both	the	catchment	and	the	UK.		The	Thames	Water	supply	area	covers	76%	of	the	non-tidal	Thames	197	
catchment	 that	 is	 the	 focus	 for	 the	 research	 reported	 here,	 but	 also	 includes	 London	 in	 the	198	
downstream	tidal	Thames	catchment.		To	account	for	this	discrepancy,	we	calculated	the	ratio	of	the	199	
annual	leakage	rates	in	the	water	resources	planning	tables	for	the	whole	Thames	Water	supply	area	200	















The	 daily	 net	 export	 of	 P	 (2001-2016)	 from	 the	 catchment	 was	 derived	 using	 observed	214	
orthophosphate-P	 (PO4-P)	 concentration	 and	 daily	 flow	 data	 for	 the	 River	 Thames	 at	 Teddington	215	





non-linear	 least-squares	 regression	 to	derive	 separate	concentration-flow	 relationships	before	and	221	
after	any	change	points	that	were	identified:	222	






















for	 England.	 Where	 P	 removal	 schemes	 were	 implemented	 at	 a	 WWT	 during	 the	 study	 period,	243	











series	were	 initially	compared	by	visual	 inspection	 to	assess	 the	 timing	and	magnitude	of	peaks	 in	255	
fluxes.		We	then	assessed	whether	there	were	significant	long	term	trends	and	changes	in	the	variance	256	


















the	 comparison	 of	 fluxes	 described	 here	 is	 threefold:	 (1)	 to	 provide	 indications	 of	 the	 relative	273	







Scenarios	 for	 future	 reductions	 in	 both	 MWL-P	 and	WWT-P	 were	 constructed.	 	 Planned	 leakage	281	



















4. Full	 planning	 period	 (2040b)	 –	 planned	 leakage	 reductions	 and	 all	 potential	 WWT	299	
improvements	for	2015	–	2040	300	
Scenarios	were	implemented	by	applying	the	new	discharge	permit	limits	for	WWTs	to	the	baseline	301	













Figure	 2	 shows	 the	 evolution	 of	 the	 MWL-P	 flux	 over	 the	 period	 2001	 to	 2011	 for	 the	 Thames	313	
catchment.	 	Figure	2	(c)	shows	the	total	daily	 leakage	(Cocks	and	Oakes	2011)	 for	2001	–	2011	for	314	
Thames	Water.	 	 	Over	 the	 period	 2001	 –	 2011,	 the	 volume	of	 leakage	has	 declined	due	 to	water	315	











extent	of	dosing	and	 in	phosphate	dosing	concentrations	 counteract	 these	 reductions,	 resulting	 in	327	
significant	(Mann	Kendall	trend	test,	p	<	2.2	x	10-16)	net	increases	in	MWL-P	fluxes	of	c.	300%	over	the	328	


















in	 the	 catchment.	 Consequently,	 effluent	 P	 concentrations	 have	 been	 relatively	 stable	 and	 the	345	
frequency	 of	 P	 monitoring	 reduced.	 	 The	 slight	 increase	 (c.	 5.4	 to	 5.6	 mg	 P/L)	 in	 effluent	 P	346	
























































































































































































































2001	 0.019	-	0.029	 0.025	 1.18	 -	 -	
2006-2008	 -	 	 -	 0.52	 0.67	







relationships	before	and	after	 the	change	point	 for	 the	River	Thames	at	Teddington.	A	 substantial	381	
decrease	 in	 the	 mean	 and	 variance	 of	 riverine	 phosphate	 concentrations	 was	 observed	 in	 2006,	382	
associated	with	reductions	in	P	loads	from	WWTs.	For	the	period	2000	–	2006,	the	concentration-flow	383	
relationship	shows	decreases	in	concentrations	with	increasing	flow,	associated	with	dilution	of	WWT	384	





with	dilution	of	point	 source	P	 inputs.	However,	 from	100	 to	500	m3/d,	 there	 is	 limited	change	 in	388	







































































2000-2006, C = 1.036X-0.197














Ltd	(2007).	 	At	the	same	time	a	period	of	wet	weather	occurs	which	results	 in	 increased	inflows	to	415	
WWTs.		This	results	in	increases	in	WWT	outflows	(Figure	3	(a))	but	flow	increases	are	significantly	less	416	
than	typical	design	flows	for	full	treatment	of	influent	during	storms	(up	to	3	times	DWF,	with	4	–	6	417	
times	DWF	retained	 in	storm	tanks	(Saul	et	al.	2007)).	 	Any	 influent	 in	excess	of	storm	tank	design	418	




correlations	 between	WWT-P	 and	daily	 rainfall	 (Pearson	 correlation,	 r	 =	 0.23,	 p	 <	 2.2	 x	 10-16)	 and	423	
catchment	 export	 and	daily	 rainfall	 (Pearson	 correlation,	 r	 =	 0.18,	 p	 <	 2.2	 x	 10-16).	 Figure	6	 shows	424	
observed	and	modelled	riverine	P	fluxes	using	MLR	models	considering:	(1)	WWT-P	only;	and	(2)	WWT-425	
P	and	MWL-P	together.		The	multiple	linear	regression	model	used	to	determine	whether	the	riverine	426	
P	 load	 can	 be	 explained	 by	 MWL-P	 and	 WWT-P	 resulted	 in	 a	 relatively	 modest	 coefficient	 of	427	




reduced	 the	predictive	power	of	 the	model	 (F	=	242,	P	<	2	x	10-16,	 for	partial	 F-test	between	MLR	430	

























































































































fluxes	 are	 predicted	 to	 decrease	 to	 2020	 associated	 with	 the	 AMP6	 programme,	 with	 further	444	
decreases	predicted	to	2040.		When	considering	all	WWT	improvements	to	2040,	a	total	decrease	in	445	
WWT-P	flux	of	0.41	kt	P/yr	is	estimated.		Small	reductions	in	MWL-P	of	0.01	kt	P/year	are	predicted	to	446	
occur	 to	 2040.	 	 In	 total,	 the	 reduction	 in	 MWL-P	 loading	 is	 c.	 2%	 of	 the	 reduction	 in	 WWT-P.		447	






























Linear model (WWT-P only)











































Full	"Long	List"	 0.21	 0.08	 38.10	










































fluxes.	 	Winter	 rainfall	events	cause	short	 term	 increases	 in	both	WWT-P	and	riverine	P	 fluxes	but	489	
through	different	processes.		High	rainfall	results	in	increased	inflows	to	wastewater	treatment	works.		490	
There	may	be	some	dilution	of	 influent	P	during	these	events	due	to	 increased	contributions	from	491	
runoff	 and	 groundwater	 infiltration	 (De	 Bénédittis	 and	 Bertrand-Krajewski	 2005),	 but	 these	 are	492	
unlikely	 to	 be	 captured	 in	 the	 flux	 estimates	 due	 to	 the	 paucity	 of	 concentration	measurements.				493	
Influent	flows	below	the	peak	storm	flow	treatment	design	criteria	(typically	3	x	DWF	(Saul	et	al.	2007))	494	
will	be	treated	and	discharged	to	watercourses.	 	Excess	flows	will	be	temporarly	diverted	to	storm	495	
tanks	 and	 flows	 >	 6	 x	DWF	will	 be	 directly	 discharged	 to	 rivers.	 	Winter	 rainfall	 events	 can	 cause	496	
increases	in	riverine	P	fluxes	through	a	number	of	processes.	Increased	agricultural	runoff,	in-stream	497	
mobilisation	 of	 P	 associated	 with	 sediments,	 combined	 sewer	 overflows	 (CSOs)	 and	 wastewater	498	
treatment	works	discharges	can	all	contribute	to	increasing	P	loads	during	winter	storm	events	(Bowes	499	




used.	 	 Just	 as	water	 companies	publically	 release	water	 resource	planning	data,	making	historic	 P	504	
concentrations	and	dosing	extents	available	would	be	beneficial	to	refining	MWL-P	estimates.	Given	505	
the	 potential	 significance	 of	 this	 flux,	 assessment	 of	 MWL-P	 using	 observed	 leakage	 and	 P	506	
concentration	data	at	the	local	scale	using	district	metered	area	(DMA)	data	could	provide	important	507	
new	insights.	Further,	the	uncertainty	surrounding	the	ultimate	fate	of	MWL-P	following	leakage	is	508	







perceived	 to	 be	 the	most	 biologically-critical	 period	 in	many	 receiving	waters	 (Jarvie	 et	 al.	 2006),	514	
meaning	 that	winter	peaks	 in	MWL-P	which	do	directly	 contribute	 to	 riverine	P	 loads	may	have	a	515	
limited	immediate	impact	on	riverine	ecosystems.		However,	there	are	likely	to	be	time	lags	between	516	
the	 flux	 of	 P	 from	a	water	mains	 leak	 and	 this	 flux	 reaching	 a	 river,	with	 a	 range	of	 transit	 times	517	
depending	on	catchment	size,	transport	pathway	and	change	in	P	concentration	along	the	pathway.		518	
Consequently,	 it	 is	plausible	that	winter	peaks	 in	 leakage	of	P	 from	water	mains	only	reach	a	river	519	
network	in	more	biologically-critical	periods	of	the	year.		Long	transit	times	are	likely	in	catchments	520	
with	a	significantly	thick	unsaturated	zone	and	long	groundwater	flow	paths.		In	these	catchments	it	521	
is	plausible	that	MWL-P	contributes	to	 legacy	P	stores	 in	groundwater	 (Holman	et	al.	2008)	as	has	522	
been	 observed	 for	 nitrate	 (Ascott	 et	 al.	 2017,	 Ascott	 et	 al.	 2016b).	 	 River	 sediments	 can	 also	523	
accumulate	 P	 	 (Sharpley	 et	 al.	 2013),	 with	 time	 lags	 of	 <	 	 1	 year	 associated	 with	 in-stream	 P	524	
remobilisation	during	high	river	flow	events.		These	in-stream	accumulation-remobilisation	processes	525	
will	 result	 in	 further	 lags	 between	MWL-P	 that	 reaches	 a	 river	 and	 P	 riverine	 exports.	Whilst	 not	526	












4.2 MWL-P	 and	 WWT-P	 Scenarios:	 Implications	 for	 drinking	 water	 and	537	
wastewater	management	538	
	539	
Table	 3	 illustrates	 that	 future	WWT-P	 reductions	 are	 likely	 to	 be	 substantially	 larger	 than	MWL-P	540	
reductions,	and	consequently	this	will	result	 in	a	greater	relative	contribution	of	MWL-P	to	P	 loads	541	
delivered	 into	 the	 environment	 in	 the	 future.	 Whilst	 policy	 responses	 to	 minimise	 MWL-P	 were	542	
previously	 discussed	 by	 Gooddy	 et	 al.	 (2017),	 the	 implications	 of	 future	 increases	 in	 the	 relative	543	
contribution	 of	 MWL-P	 have	 not	 been	 considered	 to	 date.	 	 Such	 increases	 are	 likely	 to	 occur	 in	544	
countries	where	P	dosing	is	currently	being	considered	in	future	lead	reduction	strategies	(e.g.	Ireland	545	
(Irish	Water	2015)	and	South	Korea	(Lee,	pers.	comm.)).		In	these	countries,	the	potential	impacts	of	546	
MWL-P	 should	be	 considered	 in	environmental	 impact	 assessments.	 	Moreover,	 in	 less	developed	547	
countries,	current	wastewater	P	removal	and	mains	water	P	dosing	may	be	less	extensive.	As	both	548	
environmental	and	public	health	standards	improve,	it	is	plausible	that	in	these	countries	mains	water	549	
P	 dosing	 and	 WWT	 P	 removal	 may	 increase	 substantially,	 resulting	 in	 increases	 in	 the	 relative	550	
importance	of	MWL-P.		551	
	552	














likely	 to	 be	 a	 significant	 challenge.	 	 Both	water	 utilities	 and	 environmental	 regulators	 have	 often	565	
historically	been	divided	between	clean	water	and	wastewater	(Ofwat	2017).		Within	the	clean	water	566	
sector,	the	industry	has	often	been	further	divided	between	drinking	water	quality	(responsible	for	P	567	
dosing)	 and	 water	 resources	 management	 (responsible	 for	 leakage)	 (Deloitte	 2014).	 Moreover,	568	
regulatory	 drivers	 for	 changes	 in	 water	 management	 have	 typically	 addressed	 single	 issues	 (e.g.	569	
drinking	 water	 quality	 via	 the	 EU	 Drinking	 Water	 Directive	 (European	 Commision	 1998),	570	
environmental	 quality	 via	 the	 EU	 Water	 Framework	 Directive	 (European	 Union	 2000)),	 whereas	571	
addressing	MWL-P	requires	policy	interventions	across	multiple	fields.		Where	P	dosing	and	WWT	P	572	
removal	are	 in	 their	 infancy,	water	and	environmental	managers	will	need	to	engage	stakeholders	573	
from	across	these	disciplines	at	an	early	stage	of	development.	 	This	will	ensure	that	strategies	for	574	
managing	P	sources	to	the	environment	consider	both	WWT-P	and	MWL-P,	and	that	reductions	 in	575	
WWT-P	are	not	offset	by	 increases	 in	MWL-P.	 	Where	these	practices	are	already	well	established,	576	
integration	 of	 MWL-P	 into	 leakage	 targets	 and	 catchment	 P	 permits	 may	 be	 an	 effective	 policy	577	

























and	 groundwater,	 potentially	 accelerated	 by	 high	 rainfall	 events	 following	 cold	weather.	 Summer	601	
leakage	associated	with	changes	 in	soil	moisture	and	background	 leakage	 is	 likely	 to	result	 in	slow	602	































correlation	between	MWL-P	and	riverine	P	fluxes.	 	A	substantial	 increase	 in	the	ratio	of	MWL-P	to	630	
WWT-P	is	predicted	to	2040	associated	with	implementation	of	substantial	wastewater	P	removal	and	631	
minimal	mains	water	leakage	reduction.		Further	research	is	required	to	understand	the	fate	of	MWL-632	
P	in	the	environment,	future	changes	in	MWL-P	loadings,	and	potential	approaches	to	integrate	this	P	633	
source	into	water	management	strategies.	634	
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